Using x ray magnetic linear dichroism (XMLD) for magnetometry requires detailed knowledge of its dependence on the relative orientation of polarization, magnetic moments, and crystallographic axes. We show that Ni 2+ L 2,3 XMLD in cubic lattices has to be described as linear combination of two fundamental spectra − not one as previously assumed. The spectra are calculated using atomic multiplet theory and the angular dependence is derived from crystal field symmetry. Applying our results to Co/NiO(001) interfaces, we find perpendicular coupling between Ni and Co moments.
The detailed knowledge of the spin configuration in engineered magnetic nanostructures comprised of multiple layers with very different magnetic characteristics is essential to tailor their properties for device applications in information storage technology. For example, magnetic tunnel junctions used in magnetic random access memory [1] consist of two ferromagnetic layers with significantly different reversal fields separated by a thin insulating layer [2] . Exchange biased systems in which unidirectional anisotropy is induced in a ferromagnetic layer by an adjacent antiferromagnetic layer have found widespread use in read heads of hard drives [3] . Soft x-ray magnetic dichroism spectroscopies play an ever increasing role in improving our understanding of complex heteromagnetic nanostructures since these techniques provide elemental and chemical site specific magnetic information [4, 5] with high sensitivity [6] and tuneable probing depth [7] . X-ray spectromicroscopy techniques such as photoemission electron microscopy (PEEM) [8] , scanning transmission x-ray microscopy (STXM) [9] or full field x-ray microscopy [10] add spatial resolution down to a few nm [11] . It is obvious that using spectroscopic information for magnetometry and magnetic microscopy, i.e., to determine the alignment of magnetic moments relative to the crystal axes and to image domains, requires the detailed knowledge and theoretical understanding of spectral shape and magnitude of dichroism signals as well as their dependence on the relative orientation of polarization, external field, and crystallographic axes.
In this Letter we show that the angular dependence of x-ray magnetic linear dichroism (XMLD) at the Ni 2+ L 2,3 edges in a lattice with cubic symmetry can only be described appropriately as linear combination of two fundamental spectra with distinct spectral features -not just one as previously proposed [12] . The fundamental spectra can be well reproduced using atomic multiplet theory while their angular dependence can be derived considering the symmetry of the crystal field. We present a general rule for the relative intensity of the two peaks in the Ni L 2 edge frequently used to determine the antiferromagnetic axes in NiO systems [13] [14] [15] [16] . Applying our results to exchange coupled Co/NiO(001) interfaces we conclude that perpendicular coupling between Ni and Co moments is present as predicted for an almost perfectly compensated surface [17] and that an antiferromagnetic domain wall is formed in NiO upon magnetization reversal in the Co layer. 40 nm thick NiFe 2 O 4 films were prepared on polished SrTiO 3 (011) and (001) substrates held at 725 K using pulsed laser deposition resulting in single crystalline films of proper stoichiometry. Characterization of the films will be reported elsewhere [18] . Moreover a 2.3 nm thick Co film was deposited onto a freshly cleaved NiO(001) single crystal surface [13] and subsequently capped with 1 nm Pd. In both systems, Ni • . This demonstrates that the spectral shape of the XMLD signal depends strongly on the orientations of E and H relative to the crystalline axes. It is essential to take this into account for a correct interpretation of the XMLD for magnetometry and microscopy applications.
Expressions for the angular dependence of the XMLD can be obtained from symmetry considerations [21] and it was shown that terms of higher order than cos 4φ can be ignored.
For the geometry with µ = ε we have for the (001) and (011) planes in a cubic lattice
where I 0 and I 45 are defined as the spectra I xmld (ε = µ = 0
respectively. Both these "fundamental spectra" are needed for a correct description of the angular dependence in cubic crystal field [21] . Figure 1(b) shows the modeled angular dependence using Eq. (2) and the experimental data for I 0 and I 45 in comparison with measured XMLD data. The agreement is excellent.
Additional confirmation was obtained from atomic multiplet calculations [22] . We fitted the experimental spectra using the calculated dipole transitions Ni 3d The XA spectra are determined by electric-dipole selection rules restricting the set of final states that can be reached from the ground state. This gives different transition probabilities from the exchange-split core levels to the t 2 and e crystal-field-split empty d states. The calculations show that the angular dependence of the XMLD signal disappears when the crystal field splitting goes to zero. Therefore, the anisotropic XMLD is a property of the cubic wavefunctions for the d states with respect to the spin quantization axis and not of the anisotropic spin-orbit interaction [21] .
The angular dependence of the Ni L 2 XA spectra in NiO(001) was characterized in detail by Alders et al. [12] and their result has been used extensively to study the NiO magnetic order in thin films and near interfaces [13] [14] [15] [16] . The anisotropy of the XMLD signal was not observed due to the inability to change the orientation of Ni moments relative to the crystal lattice. NiO XA spectra were interpreted assuming that the intensity of the second peak in the Ni L 2 doublet structure is at a maximum when E is parallel to the antiferromagnetic axis H [12] . However, it follows from the results in Fig. 1 that, while this is indeed correct for ε = 0
• , for ε = 45
• the second peak in the Ni L 2 edge is also maximum when E⊥H. An equivalent statement is that I 45 ≈ −I 0 for the Ni L 2 , c.f., Fig. 2 
where we define I = I xa (E H . The fundamental spectra obtained for Co/NiO(001) are compared in Fig. 2(b) with those observed for NiFe 2 O 4 /SrTiO 3 (011) and (001) and the atomic multiplet results.
Within the experimental accuracy the measured spectra are identical. We can model the XMLD angular dependence using Eq. (1) with the experimental I 0 and I 45 . Figure 3(b) shows that, as in the case of NiFe 2 O 4 /SrTiO 3 (011), the agreement between experiment and model is very good. Thus the spectral shape of the XMLD is independent of µ and changes only in magnitude.
There is an excellent agreement of experimental data and the modeled angular dependence. In summary, we studied the anisotropy of XMLD at the Ni L 2,3 edges in NiFe 2 O 4 /SrTiO 3 (011) and (001), and Co/NiO(001). The XMLD angular dependence is a linear combination of two fundamental spectra with distinct spectral features. The fundamental spectra share the same spectral shapes for the ferromagnet and antiferromagnet (but not the same magnitude). These spectra are well reproduced using atomic multiplet theory while their angular dependence can be derived considering the symmetry of the crystal field.
So even if no experimental data is available theory can help taking the XMLD anisotropy into account. We present a general rule for the relative intensities of the double peak feature at the Ni L 2 edge often used to determine the antiferromagnetic axes in NiO systems. We apply our method by revisiting the exchange coupled Co/NiO(001) interface where we observe perpendicular coupling between Ni and Co moments as predicted by theory [17] 
